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Abstract: Reliability, resilience and vulnerability are the most commonly used 4 
performance criteria for water supply planning and management. However, there is lack 5 
of understanding of the relationships among these criteria. This paper aims to reveal the 6 
relationships among them by using an emerging many-objective visual analytics. To 7 
measure different aspects of water supply systems in terms of reliability, resilience and 8 
vulnerability, a suite of five metrics are considered: water supply reliability, mean and 9 
maximum deficits of water supply as well as mean and maximum durations of water 10 
shortage. Results obtained in this study reveals that both conflicting and synergetic 11 
relationships exist between reliability and resilience (mean deficit of water supply), and 12 
between vulnerability (mean duration of water shortage) and resilience (mean deficit of 13 
water supply) in different regions of the objective space. A more complete picture of 14 
the relationships among reliability, resilience and vulnerability than reported in the prior 15 
literature is provided in this paper thanks to the use of many-objective analysis. This 16 
study provides an in-depth understanding of the relationships and can help decision 17 
makers make an informed decision in the management of water resources systems. 18 
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1   Introduction 21 
In a groundbreaking study by Hashimoto et al. (1982), the use of reliability, 22 
resilience and vulnerability as criteria was proposed for water resources planning and 23 
management. Since then these three performance criteria have been extensively applied 24 
to the analysis of water resources systems (e.g., Moy et al., 1986; Bayazit and Unal, 25 
1990; Hsu, 1995; Vogel et al., 1995; Loucks, 1997; Srinivasan et al., 1999; Cai et al., 26 
2002; Kjeldsen and Rosbjerg, 2004; Jain and Bhunya, 2008; Mondal et al., 2010; 27 
Sandoval-Solis et al., 2011; Fayaed et al., 2013; Chanda et al., 2014; Sağlam, 2015). In 28 
particular, in recent years, there has been increasing attention on the resilience of water 29 
systems, with a paradigm shift from ‘fail – safe’ (reliability) to ‘safe to fail’ (resilience) 30 
(Butler et al., 2016). As reliability, resilience and vulnerability describe different 31 
characteristics of a water system, there is a critical need to understand the relationships 32 
among the three criteria. In a real world, the selection of criteria in different water 33 
resources systems are largely based on experience. Hence, the relationship analysis is 34 
particularly important for the decision maker to understand how different criteria 35 
interplay and to make an informed decision on water system planning and management 36 
(Hashimoto et al., 1982).  37 
There are few attempts to investigate the holistic relationships among the three 38 
criteria, though the relationships were discussed in prior studies (e.g., Hashimoto et al., 39 
  
1982; Moy et al., 1986; Bayazit and Unal, 1990; Srinivasan et al., 1999). According to 40 
Hashimoto (1982) and Moy et al. (1986), there exists an obvious negative relationship 41 
(tradeoff) between reliability and vulnerability while reliability and resilience are 42 
positively related (synergy) under different operating rules in a water supply reservoir 43 
system. Bayazit and Unal (1990) reported a complex and nonlinear relationship 44 
between reliability and resilience. However, none of the above studies has provided a 45 
holistic relationship picture among the three criteria due to an incomplete set of optimal 46 
solutions used to explore the relationships or the optimization problem formulations 47 
used to obtain the solutions. For example, rather than using metrics to directly represent 48 
reliability, resilience and vulnerability in the optimisation process, Hashimoto et al. 49 
(1982), Bayazit and Unal (1990) used a single surrogate objective in the optimisation 50 
process, and a small number of optimal solutions were obtained by changing the value 51 
of a parameter in the surrogate objective and then they were re-evaluated regarding 52 
reliability, resilience and vulnerability for studying their relationships. Moy et al. (1986) 53 
and Srinivasan et al. (1999) used a single objective optimization method and obtained 54 
a small number of optimal solutions by swapping constraints with objectives. These 55 
methods could generate only a limited number of discrete points on the Pareto 56 
approximate frontier and provide an incomplete picture of the relationships. 57 
The latest developments in many-objective optimization and visual analytics allow 58 
for a full exploration of the relationships among reliability, resilience and vulnerability. 59 
For example, the epsilon NGSA II (ε-NSGAII), amongst other popular algorithms, has 60 
  
been demonstrated to be able to obtain effectively a set of approximate Pareto-optimal 61 
solutions for many-objective optimization problems which have more than three 62 
objectives (Kollat and Reed, 2006; Kollat et al., 2011; Kasprzyk et al., 2012; Reed et 63 
al., 2013). Meanwhile, highly interactive visual analytics tools developed in recent 64 
years can assist the decision maker to explore the Pareto-optimal solutions in a more 65 
intuitive way (Kollat et al., 2011; Reed et al., 2013). These tools can be used as an 66 
effective way to explore the decision space and identify underlying relationships 67 
between the Pareto-optimal solutions (Kasprzyk et al., 2009; Fu et al., 2013). 68 
This paper aims to reveal the full relationships among reliability, resilience, 69 
vulnerability of water supply in a reservoir system using many-objective optimization. 70 
Considering the different definitions of the three performance criteria, five metrics are 71 
formulated as optimization objectives to obtain optimal reservoir operating rules: (1) 72 
maximizing the reliability of system (α), (2) minimizing the mean duration of water 73 
shortage events (γ_mean), (3) minimizing the maximum duration of water shortage events 74 
(γ_max), (4) minimizing the mean severity of water shortage (ν_mean), and (5) minimizing 75 
the maximum severity of water shortage (ν_max). Then ε-NSGAII is used to solve the 76 
many-objective problem and the tradeoffs among the objectives are analyzed with a 77 
highly interactive visual tool. An optimal reservoir operation problem for the Biliu 78 
River Reservoir in northeast China is taken as a case study. The results show that the 79 
relationship among the three criteria is more complex than previously revealed. 80 
  
2   The reservoir optimization problem formulation 81 
To reveal the relationship among reliability, resilience and vulnerability of the 82 
water supply reservoir, the reservoir optimal operation problem is formulated as a 83 
many-objective optimization problem of five objectives. Although the reservoir optimal 84 
operation problems are generally designed via stochastic dynamic programming (SDP) 85 
(Labadie, 2004; Shokri et al., 2013; Xu et al., 2014), the problem in this paper is 86 
designed via the parameterization-simulation-optimization (PSO) approach (Celeste 87 
and Billib, 2009) , which is also called EMODPS and has been demonstrated to be 88 
especially effective for the many-objective problems by Giuliani et al. (2016). The PSO 89 
approach starts with the shape of the rule already established and defined by some few 90 
parameters (Celeste and Billib, 2009). In this paper, the shape of the reservoir operating 91 
rule curves references the hedging rule investigated by Shih and ReVelle (1994; 1995), 92 
Draper and Lund (2004). The formulations of the objectives, constrains, operating rules 93 
and the evolutionary optimization method of this optimal problem are introduced in 94 
detail below.  95 
2.1  Objectives  96 
There exist a number of definitions for reliability, resilience and vulnerability in 97 
previous studies. As different characteristics of water shortage events such as frequency, 98 
duration, and severity should be simultaneously included for the optimal design of 99 
reservoir operation rules, thus, five measure metrics are chosen as optimization 100 
objectives in this paper. 101 
  
2.1.1   Reliability 102 
Reliability is a widely used concept to describe the probability or frequency of 103 
water demand met by water supply from the reservoir (Hashimoto et al., 1982). For a 104 
water supply reservoir, the periods in which deliver water is enough to meet demand 105 
water are referred as satisfactory periods and the periods when water shortage occurs 106 
are referred as failure periods. Reliability is commonly defined as the ratio of the 107 
number of satisfactory periods to the number of the total simulation periods (Hashimoto 108 
et al., 1982; Moy et al., 1986; Mondal and Wasimi, 2007).  109 
Denote a system's output state by variable Xt at period t, where t=1,2,3….N. In 110 
general, the possible values of Xt can be partitioned into two sets: S - the set of all 111 
satisfactory periods, and F - the set of all failure periods. The reliability α of a system 112 
can be calculated as: 113 
 1Prob [ ]
1
N
t
t
t
Z
X S
N
α == ∈ =
+
∑
                         (1) 114 
Where Zt = 1 if Xt ∈  S, and Zt = 0 if Xt ∈  F. N is the total number of simulation periods, 115 
with a time step of ten days used in this paper. The denominator N+1 is used here as in 116 
many studies (Li et al., 2016) with the same assumption as the Weibull quantile 117 
estimator, that is, the maximum observed is not the maximum that will ever be observed. 118 
Reliability is maximized in this paper. 119 
2.1.2   Resilience 120 
Resilience describes how quickly a system is likely to recover after the occurrence 121 
  
of a failure. Hashimoto et al. (1982) defined the resilience as the conditional probability 122 
that the system is in a satisfactory state in a particular period given that it was in an 123 
unsatisfactory state in the preceding period. Mondal and Wasimi (2007), Chanda et al., 124 
(2014) measured it based on the mean duration of consecutive failure sequences. In 125 
addition, Moy et al. (1986) proposed another metric of resilience based solely on the 126 
maximum duration of the failure sequences over the operating horizon. In this paper, 127 
both of the mean and maximum recovery times are adopted to calculate the resilience. 128 
For convenience, the resilience objectives (γ_mean and γ_max) in this paper are actually 129 
measured directly as the mean and maximum recovery times, which are the inverse of 130 
resilience defined in the above studies, i.e.:  131 
1 1
_
1
 
M M
i i
i i
mean N
t
t
T T
M W
γ = =
=
= =
∑ ∑
∑
                             (2) 132 
{ }_ maxmax iTγ =                                    (3) 133 
1
1 1
1 , 1
1 1
0
t t t
t
W X S X F t
W X F t
W otherwise
−= ∈ ∈ >⎧
⎪
= ∈ =⎨
⎪ =⎩
                           (4) 134 
𝑇# = 𝑝 − 𝑘	  	  	  	  0 < 𝑖 ≤ 𝑀	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  𝑝𝑒𝑟𝑖𝑜𝑑	  𝑎𝑓𝑡𝑒𝑟	  𝑘     (5) 135 
where γ_mean and γ_max are the resilience objectives related to the mean and maximum 136 
recover times respectively. Ti represents the duration of the ith failure event and M is 137 
the total number of failure events. Wt indicates a transition from a satisfactory period to 138 
an unsatisfactory one. Both of these two metrics are minimized in this paper. 139 
  
2.1.3   Vulnerability 140 
Vulnerability is considered to describe the characteristics of the severity of water 141 
deficits if a failure occurs. There are a number of metrics of vulnerability in previous 142 
research: (1) the mean deficit of each failure period over the operation horizon 143 
(Hashimoto et al., 1982; Jain and Bhunya, 2008; Sandoval-Solis et al., 2011; Chanda et 144 
al., 2014); (2) the maximum deficit over the operation horizon (Moy et al., 1986; Fowler 145 
et al., 2003; Ajami et al., 2008); (3) the probability of exceeding a certain deficit 146 
threshold (Mendoza et al., 1997); (4) the return period of a certain level of cumulative 147 
deficit (Asefa et al., 2014); (5) the median of all the deficits over the operation horizon 148 
(Asefa et al., 2014). In fact, the first two metrics are most popular and they can describe 149 
not only the cumulative deficit, but also the extreme failures. Hence, Bayazit and Unal 150 
(1990), Srinivasan et al. (1999), Mondal and Wasimi (2007) adopted these two metrics 151 
to measure vulnerability, and they are defined in this paper below: 152 
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where Dt is the water demand in period t, and SWt is the water supply in period t. It is 155 
noteworthy that SWt will never exceed Dt (i.e., the supply water will never be more than 156 
what is demanded). 157 
In addition, for the resilience and vulnerability objective, Kjeldsen and Rosbjerg 158 
  
(2004) suggested using a more stable metric such as the 90th fractile instead of the 159 
maximum value. However, for the sake of comparing the results with other studies, this 160 
paper still adopts the maximum and mean values, which are the most common metrics 161 
in similar researches.  162 
In summary, reliability is measured by α. The inverse of resilience is measured by 163 
the mean and maximum durations of failure sequences, i.e., γ_mean and γ_max, respectively. 164 
Vulnerability is measured by the mean and maximum deficit of the water shortages, i.e., 165 
ν_mean and ν_max, respectively. All the metrics except α are minimized in the optimization 166 
process. 167 
2.2   Reservoir Operating Rule  168 
As shown in Fig. 1 the form of the reservoir operating rule adopted in this paper 169 
is the two-point hedging rule modeled after Shih and ReVelle, (1994; 1995), Draper 170 
and Lund (2004). In the hedging rule, the water release amount Rt (y-axis) is a function 171 
of available water AWt (x-axis). The release water Rt begins at the origin A and increase 172 
linearly with an increasing available water (with a slope of 1.0) until point B, then a 173 
linear hedging rule (slope < 1.0) begins from point B to point C after which the demand 174 
water (Dt) is fully met. After available water exceeds point D, there will be surplus 175 
water (SUt) due to the upper limit of the reservoir capacity. In this case, Rt equals to the 176 
sum of Dt and SUt. The water supply rule is summarized as below. 177 
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t t t tAW S I E= + −                          (9) 179 
( ) ( )1 2 11 /k µ µ µ= − −                       (10) 180 
1 21,  1µ µ< >                          (11) 181 
Where maxtST  is the minimum storage and maximum storage at period t; St is the 182 
initial water storage at period t; It is the inflow to the reservoir at period t; Et is the 183 
evaporation of the reservoir at period t; k is the slope of line BC; µ1 and µ2 are two 184 
parameters that decide where the hedging starts and ends respectively. Hence, the 185 
values of µ1 and µ2 at different operation periods are regarded as the key points of 186 
hedging and are optimized in this paper. Note that Fig.1 shows the hedging rule for only 187 
one operation period. As a separate rule is optimized for each period of the year, there 188 
are totally 2×P parameters need to be optimized where P represents the number of 189 
operation periods divided in one calendar year. Because of the characteristic of hedging 190 
(Shih and ReVelle, 1995), µ1 is smaller than 1 and µ2 is greater than 1. 191 
2.3   Constraints 192 
For the reservoir operation optimization, the constraints conclude: 193 
1t t t t tS S I E R+ = + − −                          (12) 194 
min max
t t tST S ST≤ ≤                           (13) 195 
0 t tSW D≤ ≤                            (14) 196 
where mintST  and maxtST  are the minimum storage and maximum storage at period t; 197 
SWt is the supply water at period t. It should be noted that when there is no surplus 198 
water, release water Rt equal to supply water SWt.  199 
  
2.4   Optimization Method 200 
In recent years, many-objective evolutionary algorithms have been developed, 201 
such as MOEA/D (Zhang and Li, 2007), ABYSS (Nebro et al., 2008), and ε-NSGAII 202 
(Kollat and Reed, 2006), and have been proved effective for solving complex 203 
engineering problems with more than three conflicting objectives. In this paper, the ε-204 
NSGAII is selected to solve the reservoir operation optimization problem as it has been 205 
tested on different engineering optimisation problems (Kollat and Reed, 2006; 206 
Kasprzyk et al., 2009; Kollat et al., 2011; Kasprzyk et al., 2012; Fu et al., 2012; Fu et 207 
al., 2013; Wang et al., 2014; Chu et al., 2015). Table 1 shows the parameter values of 208 
the algorithm used in this paper, which are determined according to the values 209 
suggested in the literature. The epsilons were determined through trials to achieve the 210 
balance of a clear view of the solutions and a good representation of the Pareto fronts. 211 
Because of the random nature, ten random-seed runs were used to solve the reservoir 212 
optimal operation problem. For each random-seed run ε-NSGAII is implemented for 213 
500,000 model evaluations. The Pareto approximate set analyzed in this paper was 214 
generated across all ten random-seed optimization runs.  215 
3   Case Study 216 
In this paper, a water supply reservoir called Biliu River Reservoir is taken as a 217 
case study to illustrate the relationships among reliability, resilience and vulnerability 218 
criteria. The Biliu River Reservoir located in the Liaoning Province of China is the most 219 
important water source for Dalian, Liaoning Province (Li et al., 2016). The reservoir 220 
  
has an active storage capacity of 714 million m3 and a minimum storage capacity of 70 221 
million m3 while the active storage capacity changes to 665 million m3 in flood seasons 222 
for the purpose of flood control. The main operation purpose of the Biliu River 223 
Reservoir is to meet the industrial and domestic water demands in Dalian, with a total 224 
of 230 million m3 each year. As the agricultural and ecological demand is quite small, 225 
they are not taken into account for simplicity. The reservoir inflow data and the 226 
simulation horizon is from 1958 to 2013. One calendar year is divided into 3x12= 36 227 
periods where the first two periods of each month have 10 days and the third period 228 
consists of the remaining days in each month. Hence, 2016 periods are totally included 229 
in the simulation model, which is considered long enough according to Bayazit and 230 
Unal (1990), Peng et al. (2015), Li et al. (2016). During this period the average annual 231 
inflow is 556 million m3 with an extremely uneven temporal distribution.  232 
It is noteworthy that there are some details refer specifically to this case study 233 
versus the generic method introduced in section 2. Firstly, in this study each simulation 234 
period contains only 10 days (11 days or 8 days), and there are a total of 2016 simulation 235 
periods over the operating horizon. It is assumed that the reservoir operators generally 236 
consider that the negative impact of a water deficit event will last for one or two months, 237 
i.e., 3-6 periods in this paper, thus five periods are used as the minimum length between 238 
two different failure sequences. Hence, the variable 𝑊A is changed to 𝑊AB in this case 239 
study and is accounted as: 240 
  
𝑊AB = 1, 	  𝑋A ∈ 𝐹, 𝑋ADE, 𝑋ADF, 𝑋ADG, 𝑋ADH, 𝑋ADI ∈ 𝑆	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑊AB = 1, 	  𝑋A ∈ 𝐹, 𝑎𝑛𝑑	  𝑡ℎ𝑖𝑠	  𝑖𝑠	  𝑡ℎ𝑒	  𝑓𝑖𝑟𝑠𝑡	  𝑓𝑎𝑖𝑙𝑢𝑟𝑒	  𝑝𝑒𝑟𝑖𝑜𝑑	  	  𝑊AB = 0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   𝑡 > 5𝑡 ≤ 5𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒   (15) 241 
Meanwhile, the mathematical definition of Ti in equation (5) is changed as: 242 𝑇# = 𝑝 − 𝑘 + 1	  	  	  	  	  	  0 < 𝑖 ≤ 𝑀, 𝑝 > 𝑘	  𝑖𝑓	  	  𝑊0B = 1	  ,𝑊4Q = 1, 𝑝	  𝑖𝑠	  𝑡ℎ𝑒	  𝑓𝑖𝑟𝑠𝑡	  𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛	  𝑝𝑒𝑟𝑖𝑜𝑑	  𝑎𝑓𝑡𝑒𝑟	  𝑘	  	  	         (16) 243 
Where 𝑊4Q indicates a transition from an unsatisfactory period to a satisfactory 244 
one and is accounted as: 245 𝑊AQ = 1, 𝑋A ∈ 𝐹, 𝑋ARE, 𝑋ARF, 𝑋ARG, 𝑋ARH, 𝑋ARI ∈ 𝑆	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑊AQ = 1, 𝑋A ∈ 𝐹, 𝑎𝑛𝑑	  𝑡ℎ𝑖𝑠	  𝑖𝑠	  𝑡ℎ𝑒	  𝑙𝑎𝑠𝑡	  𝑓𝑎𝑖𝑙𝑢𝑟𝑒	  𝑝𝑒𝑟𝑖𝑜𝑑	  	  	  	  	  	  𝑊AQ = 0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   𝑡 ≤ 𝑁 − 5𝑡 > 𝑁 − 5𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒   (17) 246 
Consider, for example, the following two cases of operational sequences of 12 247 
periods: 248 
l   Case 1: Xt = (…,F,F,F,F,S,S,S,S,F,F,F,F,…) 249 
l   Case 2: Xt = (…,F,F,F,F,S,S,S,S,S,F,F,F,…) 250 
In the first case, there are only one set of consecutive failure because the two four-251 
period sequences are at a distance of four periods. Thus, the duration of the consecutive 252 
failures Ti in case 1 is equal to 12. In the second case, there are two sets of consecutive 253 
failure because there are five continuous satisfactory periods between the two failure 254 
sequences. 255 
Secondly, the operating rule introduced in section 2.2 is specific to this case study. 256 
As the main objective of water supply is to meet industrial and domestic demands, the 257 
operators of Biliu River Reservoir is required to supply at least 80% of the demand 258 
amount except for extremely drought periods. Thus, µ1 is assumed to be 0.8 (i.e., 259 
hedging could only be executed when available water exceeds 80% of demand water). 260 
  
Hence, only the values of µ2 at different operation periods need to be determined and 261 
therefore only P=36 variables need be optimized in the case study rather than 2×P. In 262 
addition, two alternative scenarios (values of µ1 =0.4 and 0.6) are tested in section S1 263 
of the supplemental material. By comparing three scenarios, it is demonstrated that the 264 
value of µ1 has little influence on the relationships obtained in this paper. 265 
4   Results and Discussion 266 
The approximate Pareto-optimal set with 2497 solutions is obtained and section 267 
S2 in supplemental material shows the convergence results of the optimization. It is 268 
first analyzed in a global view of the five objectives and then it is explored in lower-269 
dimensional space to analyze the relationships among the performance criteria. This 270 
allows for comparison of the solution sets from different dimensions including 271 
reliability-vulnerability, reliability-resilience, and resilience-vulnerability as detailed 272 
below. 273 
4.1  Five-Dimensional Objective Tradeoffs 274 
A global view of the five-objective tradeoffs is first analyzed to illustrate the 275 
relationships between the five objectives. The reliability objective α, vulnerability 276 
objective ν_mean, resilience objective γ_mean are plotted on the x-axis, y-axis, and z-axis, 277 
respectively. The vulnerability objective ν_max is shown by the color of the spheres 278 
ranging from blue to red, representing the values from 0.180 to 1.000. The resilience 279 
objective γ_max is shown by the size of the spheres which varies from 20 to 120. The 280 
large spheres represent high values of γ_max and small spheres represent low values. An 281 
  
ideal solution would be located toward the front lower corner (high α, low ν_mean, low 282 
γ_mean) of the plot in Fig. 2 and represented by a small (low γ_max), blue (low ν_max) 283 
spheres. The arrows in Fig. 2 highlight directions of increasing preference. 284 
There are three different regions in the objective space. Region i in Fig. 2 captures 285 
higher α (>0.92), with higher γ_mean (>17), and higher ν_mean (>0.08), meanwhile, γ_max 286 
and ν_max are relatively high as shown by the big sizes and warm colors of spheres. This 287 
explains that a high reliability of water supply may result long duration and high 288 
severity of water shortage. Region ii captures solutions with higher α (> 0.92), higher 289 
ν_mean (> 0.08), and the mean duration of failures varies from 5 to 10. However, these 290 
solutions can have a wide range of ν_max as illustrated by their colors from green (0.59) 291 
to red (1.00) while the solutions also have a wide range of γ_max as illustrated by the size 292 
from small (60) to large (120). Region iii in Fig. 2 is composed of solutions with low α 293 
and low ν_mean , and γ_mean is in a range from 5 to 10. Similar to the solutions in region 294 
ii, these solutions also have a wide range of γ_max and ν_max. This highlights the 295 
importance of considering the maximum of duration and deficit of water shortage in 296 
the optimization process. The correlation coefficients among five objectives are shown 297 
in Table S1 of the supplemental materials. α and ν_mean are highly correlated but they 298 
strongly conflict, which makes it important to include them in the optimization to reveal 299 
the their tradeoff. All other pairs of objectives have weak correlations, suggesting that 300 
they don't provide duplicate information and should all be included. This is consistent 301 
with the study by Kjeldsen and Rosbjerg (2004) in which removing either vulnerability 302 
  
or the inverse of resilience was suggested because they are highly correlated and do not 303 
conflict. 304 
4.2  Reliability versus Vulnerability  305 
This section aims to analyze the relationship between reliability (α) and 306 
vulnerability (ν_mean and ν_max) criteria. Fig. 3. shows the full suite of Pareto approximate 307 
solutions in different 2D plots.  308 
In Fig. 3(a), a clear tradeoff curve between α and ν_mean can be observed and it 309 
represents the approximate Pareto front had only these two objectives been used for 310 
optimization (highlighted with red squares). The conflicting relationship between α and 311 
ν_mean can be explained by the different degrees of hedging. To illustrate how hedging 312 
rule influences the performance criteria clearly, three solutions located in different 313 
regions on the tradeoff curve (highlighted with circles) are selected. The different 314 
hedging parameters of three solutions are shown in Fig. 4(a). As explained in section 315 
2.2, each hedging rule contains 36 key decision variables, i.e., µ2 in 36 periods. These 316 
variables determine the degree of hedging. The larger the value of µ2, the higher the 317 
degree of hedging is.  318 
Comparing Fig. 3(a) and Fig. 4(a), solutions with a higher α and ν_mean generally 319 
have smaller values of µ2 (i.e., lower degrees of hedging). This result confirms the 320 
finding by Bayazit and Unal (1990) that an increasing degree of hedging leads to a 321 
reduction in reliability. It is because that the solutions with lower degrees of hedging 322 
tend to supply as much water as required at the current period, resulting in a fewer 323 
  
number of failures but more serious ones in the following periods should they occur. 324 
On the opposite, for solutions with higher degrees of hedging, more water is stored in 325 
the reservoir at the current period and this reduces the severity of water shortage in the 326 
future, resulting in low reliability and vulnerability. As shown in Fig. 4(a), the value of 327 
µ2 seems very large in some periods. For example, it equals to nearly 100 in Solution 3 328 
at the 28th period. In this case, it means the reservoir don’t release the full demand until 329 
the available water for the reservoir exceed 639 (µ2 × Dt) million m3 which is about 90% 330 
of the active storage capacity. It is reasonable to limit water supply at this time because 331 
the storage is not full of water at the end of flood season. 332 
To express it further, the average values of SWt (supply water)/ Dt (demand water) 333 
in 36 periods over 56 years are shown in Fig.4 (b). Comparing three curves, the solution 334 
with the highest α and ν_mean (Solution 3 colored by green) tends to supply more water 335 
because the degree of hedging is low. While the solution with the lowest α and ν_mean 336 
(Solution 1 colored by blue) tends to supply less water because the degree of hedging 337 
is high. These two figures also show that when µ2 is large the supply water is low. For 338 
example, Solution 3 has a very large value of µ2 in the 29th period, and the 339 
corresponding value of SWt /Dt is low as shown in Fig. 4(b).  340 
Fig. 3(b) shows that the tradeoff exists in the objective space of α and ν_max with 341 
the Pareto approximate solutions highlighted with orange squares when α >0.925. But 342 
the tradeoff is not obvious compared to Fig. 3(a). In other regions of Fig.3 (b), there is 343 
no observable relationship between α and ν_max. The three points shown in Fig.3(a) are 344 
  
also shown in Fig.3 (b) highlighted with circles. All the three solutions are not located 345 
on the tradeoff curve in the α and ν_max space, which means they are dominated. It can 346 
also be found that ν_max has a wide range of values. Prior research (Moy et al. 1986; 347 
Bayazit and Unal, 1990) reported a conflicting relationship between α and ν_max. 348 
However, the thresholds where the tradeoff exists may be different from system to 349 
system due to some factors, such as the simulation periods, reservoir inflow, water 350 
demand and so on. 351 
In Fig. 3(c), ν_mean and ν_max can achieve the best value at the same point which is 352 
highlighted by a yellow square. It seems no obvious relationship exists between these 353 
two objectives. The three points shown in Fig.3(a) are also shown in Fig.3 (b) 354 
highlighted with circles. Except Solution 1 the other solutions are far away from the 355 
bottom left corner. The two vulnerability objectives have different responses to the 356 
operation rules. Hence, they should be considered simultaneously in identifying high 357 
performing solutions. This pair of relationship can explain why we should use two 358 
metrics to measure vulnerability.  359 
4.3  Reliability versus Resilience  360 
This section aims to analyze the relationship between reliability (α) and resilience 361 
criteria (γ_mean and γ_max). As illustrated in section 4.1, α and γ_mean have an obvious 362 
relationship while γ_max has no obvious relationship with others.  363 
Fig. 5(a) shows the Pareto approximate set in the objective space of α and γ_mean. 364 
Different relationships between α and γ_mean are observed from the two sides divided by 365 
  
a line where α approximately equals to 0.845. There is a close synergetic relationship 366 
between α and γ_mean on the underside of the critical region, where γ_mean decreases with 367 
an increase in α. However, there is a clear tradeoff between α and γ_mean on the upside 368 
of the critical region, where γ_mean increases with an increase in α. That means less 369 
hedging (more reliable solutions) increases the conflicting relationship between α and 370 
γ_mean. The tradeoff curve between α and γ_mean can be observed, which represents the 371 
approximate Pareto front had only these two objectives been used for optimization 372 
(highlighted with blue squares). As shown in Fig.S1 of the supplemental materials, 373 
along with the decreasing of the parameter µ1 the range of the conflicting relationship 374 
between α and γ_mean becomes smaller. That would also demonstrate that hedging 375 
decreases the conflict relationship because the smaller value of µ1 means more hedging. 376 
More details about this interesting phenomenon is analyzed in the supplemental 377 
materials.  378 
A complex and nonlinear relationship between α and γ_mean is revealed with the 379 
case study and it can be attributed to the impact of hedging on γ_mean. On the upside of 380 
the critical region, the reliability α is high and the degree of hedging is low, resulting in 381 
less failure periods. In this case, with the decreasing degree of hedging (increasing 382 
along with x-axis), the number of the total failure periods decreases but the mean 383 
duration in one continuous failure sequence increases, i.e., the failure periods come out 384 
more intensively. That is because the reservoir supplies more water for the current 385 
periods and induces a more durable and more intense failure event in the dry periods. 386 
  
On the underside of the critical region, the reliability α is low and the degree of hedging 387 
is high, resulting in more failure periods. In this case, with the increasing degree of 388 
hedging (decreasing along with x-axis), many unnecessary limits for water supply 389 
happen in wet periods, i.e., water supply limits are carried out too frequently in the 390 
periods with enough available water. This may reduce the duration of failures in dry 391 
periods, but it can result in longer duration of failures in wet periods. 392 
Fig. 5 (b) shows that γ_max has no obvious relationship with α, implying that they 393 
represent different aspects of system performance and have to be considered 394 
simultaneously for system assessment. It can also be observed that the solutions on the 395 
tradeoff curve of α and γ_mean (highlighted with blue squares in Fig. 5(a) also shown in 396 
Fig.5 (b)) all have middle or high values of γ_max. Similarly, three solutions located in 397 
the bottom right corner of Fig.5. (b), represented by red colors, are considered the best 398 
in the objective space of α and γ_max. However, they are dominated by the Pareto-optimal 399 
solutions in the space of α and γ_mean. Fig. 5 (b) also shows that the range of γ_max is 400 
small and the value is low only when α is relatively low.  401 
4.4  Resilience versus Vulnerability  402 
This section aims to analyze the relationships between vulnerability (ν_mean and 403 
ν_max) and resilience (γ_mean and γ_max) criteria through pairwise comparisons, as shown 404 
in Fig.6.  405 
As shown in Fig.6 (a), the relationship between ν_mean and γ_mean is similar with 406 
that between α and γ_mean. The mean deficit ν_mean and the mean duration of failures 407 
  
γ_mean can be conflicting or synergetic at different regions. Comparing Fig.5 (a) and 408 
Fig.6(a) shows that there exists a similar critical region where the relationship changes 409 
from tradeoff to synergy. On the right side of the critical region, γ_mean has a conflicting 410 
relationship with ν_mean while the relationship is opposite on the left side of the critical 411 
region. As illustrated in sections 4.2 and 4.3, this is because that the degree of hedging 412 
has different impacts on γ_mean and ν_mean. In general, there exist both synergetic and 413 
conflicting relationships between γ_mean and ν_mean .Fig. 6 (b) shows that γ_max has no 414 
obvious relationship with the mean deficit ν_mean. It also shows that γ_max has a wide 415 
range of values along with the x-axis. In Fig.6. (c), there is no tradeoff and no synergy 416 
between γ_mean and ν_max. This result is different from the study by Bayazit and Unal 417 
(1990). In Fig.6 (d), there is still no obvious relationship between ν_max and γ_max 418 
although a tradeoff was reported in the study by Bayazit and Unal (1990). In summary, 419 
the maximum of resilience and vulnerability seem to have no obvious relationship with 420 
other objectives.  421 
4.5  Discussion 422 
Comparing the relationship developed in this paper to the previous studies, there 423 
are some common points and also some different points. For reliability criterion α and 424 
vulnerability criterion ν_mean, the tradeoff in this paper is in agreement with the studies 425 
by Hashimoto et al. (1982) and Bayazit and Unal (1990). For reliability criterion α and 426 
vulnerability criterion ν_max, the conflicting relationship exists both in this paper and 427 
that of Moy et al. (1986) and Bayazit and Unal (1990) but the range of this relationship 428 
  
is a little different. The same relationship in different case studies can demonstrate the 429 
generalization of the results to some extent. 430 
The most different finding in this paper is the relationship associated with mean 431 
resilience criterion γ_mean which is shown in Fig.5(a) and Fig.6(a). In the previous 432 
studies, a conflicting relationship existed between resilience criterion γ_mean and 433 
vulnerability criterion ν_mean, while a synergetic relationship existed between resilience 434 
criterion γ_mean and reliability criterion α. However, the results from this study show a 435 
more complex relationship. The relationship between α and γ_mean exhibits both tradeoff 436 
and synergy and there exists a critical region denoting a transition from synergy to 437 
tradeoff, which is very different from that reported in the previous literature. Hashimoto 438 
et al. (1982) and Bayazit and Unal (1990) reported only the synergetic relationship 439 
between α and γ_mean. Note that the conflicting relationship in this study exists in the 440 
critical region where the reliability α is high and these solutions are generally preferred 441 
by operators and more likely to be used in practice. Similarly, there exist both synergetic  442 
and conflicting relationships between γ_mean and ν_mean. However, the conflicting 443 
relationship between these two metrics was observed previously by Hashimoto et al. 444 
(1982) and Bayazit and Unal (1990), while the synergetic relationship was observed 445 
separately by Kundzewicz and Kindler (1995) and Kjeldsen and Rosbjerg (2004). It 446 
could be concluded that when a highly reliable operation policy is selected, both 447 
resilience and vulnerability performance become worse. Thus, the finding obtained in 448 
this study provides a more useful and complete picture of the relationship among α, 449 
  
γ_mean and ν_mean. Meanwhile, it provides an informed decision support for reservoir 450 
managers. 451 
For other pairs of objectives containing maximum vulnerability criterion ν_max and 452 
maximum resilience criterion γ_max, there is no obvious relationship explored in this 453 
paper. This is also different from the finding from Bayazit and Unal (1990) and 454 
Srinivasan et al. (1999).  455 
The results obtained in this paper show more complex and more complete 456 
relationships which contain some critical transitions from tradeoff to synergy (or from 457 
synergy to tradeoff) are developed in this paper. Some detailed description of the 458 
relationship among five objectives show that decision makers shouldn’t ignore any of 459 
them when operating reservoirs. It should be noted that an interesting critical region 460 
exists where the relationship of reliability resilience and vulnerability criteria 461 
transforms shown in Figure 5(a) and 6(a). The solutions located here are more likely to 462 
be preferred by operators because all the objectives of α, γ_mean and ν_mean seem to 463 
achieve satisfying values in this region. The full description of the relationship can 464 
provide an informed perspective for water supply system. However, how to use the 465 
relationship depends on the preference of different decision makers and the features of 466 
the system.  467 
5   Conclusions 468 
This paper used a many-objective visual analytics approach to reveal and explore 469 
the relationships among three performance criteria in water supply systems, i.e., 470 
  
reliability, resilience and vulnerability. The many-objective analytics approach consists 471 
of a many-objective evolutionary algorithm (ε-NSGAII) and an interactive visual 472 
analytics tool. To measure a more comprehensive performance of the system, a suite of 473 
five objectives are considered: (1) maximizing the reliability of water supply , i.e., α, 474 
(2) minimizing the mean deficit of water supply, i.e., ν_mean, (3) minimizing the 475 
maximum deficit of water supply, i.e., ν_max (4) minimizing the mean duration of water 476 
shortage, i.e., γ_mean and (5) minimizing the maximum duration of water shortage, i.e., 477 
γ_max. A case study of the Biliu River Reservoir located in northeast China was used to 478 
analyse the relationships between the objectives.  479 
The results from the case study show more complex relationships between 480 
reliability, resilience and vulnerability than previously reported. The results can be 481 
summarized below:  482 
(1) The reliability criterion α has a conflicting relationship with vulnerability 483 
criteria (ν_mean and ν_max), which is in agreement with the previous research.  484 
(2) The reliability criterion (α) has both a synergetic relationship and a conflicting 485 
relationship with the resilience criterion (γ_mean) in different regions of the solution 486 
space. A similar relationship is also found between the resilience criterion (γ_mean) and 487 
the vulnerability criterion (ν_mean). This reveals a more complete relationship among the 488 
three criteria compared to that reported in previous research. The newly discovered 489 
relationships exist in the region where these solutions are generally preferred by 490 
operators and more likely to be used in practice.  491 
  
(3) There is no obvious tradeoff or synergy in other pairs of criteria, which is 492 
generally same as that in previous studies. 493 
This study demonstrates the benefits of using advanced many-objective 494 
optimization. This approach can provide a large number of Pareto-optimal solutions, 495 
which allows for exploring a full picture of the relationships between any objectives in 496 
a lower dimensional space. Furthermore, this analysis approach is suggested as one way 497 
forward to address the challenges in the context of revealing and balancing the tradeoffs 498 
between various objectives in complex water supply systems.  499 
Note that the results reported above were obtained from the case study of the Biliu 500 
reservoir, their generalizability should be carefully considered with more evidence from 501 
different case studies. In particular, future work will involve some more complex 502 
systems such as multi-reservoir systems and the relationships between reliability, 503 
resilience and vulnerability criteria might be affected by the interdependency of 504 
multiple reservoirs. 505 
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Table1. Parameter Values of the ε-NSGAII Algorithm 635 
Symbol Value Description 
ninitial 12 Initial population size 
nmaximum 500000 Maximum number of model simulations 
ηm 20 Distribution index for mutation 
ηc 15 Distribution index for crossover 
ε 
0.01 
0.1 
0.1 
0.01 
0.01 
Objective resolution: reliability objective α 
Objective resolution: resilience objective γ_mean 
Objective resolution: resilience objective γ_max 
Objective resolution: vulnerability objective ν_mean 
Objective resolution: vulnerability objective ν_max 
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 638 
Fig. 1. A Two-point hedging rule 639 
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Fig. 2. Approximate Pareto solutions from five-objective optimization, with arrows 642 
showing directions of increasing preference 643 
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 645 
Fig.3. Low-dimensional tradeoffs between reliability and vulnerability criteria: (a) 646 
reliability α versus mean deficit ν_mean; (b) reliability α versus maximum deficit ν_max; 647 
(c) ν_mean versus maximum ν_max. 648 
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 650 
Fig.4. Analysis for three selected solutions from the Pareto approximate set: (a) the 651 
value of parameter µ2 in 36 periods (b) the average value of SWt (supply water)/ Dt 652 
(demand water) in 36 periods 653 
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 655 
Fig. 5. Low-dimensional tradeoffs for reliability and resilience criteria: (a) reliability α 656 
versus mean duration of failures γ_mean; (b) reliability α versus maximum duration of 657 
failures γ_max. 658 
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 660 
 661 
Fig. 6. Low-dimensional tradeoffs for vulnerability and resilience criteria: (a) mean 662 
deficit ν_mean versus mean duration of failures γ_mean (b) maximum deficit ν_max versus 663 
mean duration of failures γ_mean; (c) mean deficit ν_mean versus maximum duration of 664 
failures γ_max; (d) maximum deficit ν_max versus maximum duration of failures γ_max 665 
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Supplemental Materials 667 
1.   Sensitivity analysis of parameters µ1 in the operation rule 668 
As the main object of water supply is industrial and domestic demands, the 669 
operators of Biliu River Reservoir is required to supply at least 80% of the demand 670 
amount except for extremely drought periods. Thus, µ1 is assumed to be 0.8 (i.e., 671 
hedging could only be executed when available water exceeds 80% of demand water) 672 
in this paper. Hence, only the values of µ2 at different operation periods need to be 673 
determined and 36 variables are totally to be optimized in the case study. 674 
To discuss whether this assumption will influence the results, two alternative 675 
scenarios (values of µ1 =0.4 and 0.6) are tested. The scenarios with the value of µ1 = 676 
0.8, 0.6, 0.4 are denoted by S1, S2 and S3, respectively. For simplicity, only the most 677 
important findings, i.e., the relationships among reliability α, mean vulnerability 678 
objective ν_mean and mean resilience objective γ_mean, are shown. The results of three 679 
scenarios are shown in Fig. S1. 680 
  
 681 
Fig. S1 Comparison of the results from S1, S2 and S3 682 
As can be seen from Fig S1, in each scenario, γ_mean has a synergy relationship 683 
with α on the left side of a critical region, and this relationship changes to competitive 684 
  
on the right side. While this phenomenon is exactly opposite for the relationship 685 
between γ_mean and ν_mean. The difference in three figures is the location of the critical 686 
region. In scenario 1, the critical region located near the solutions with a middle value 687 
of reliability α. This value increases from scenario 1 to scenario 3. However, all the 688 
three scenarios have the similar relationships, which are different from previous studies 689 
and are one of our main findings. Based on the results, it can be concluded that different 690 
forms of the operation rule can’t influence the general shape of the relationships in this 691 
paper though it may change some details and thresholds of the relationships. 692 
In addition, it could be found that along with the decreasing of the parameter µ1 693 
(from S1 to S3) the range of the conflicting relationship between α and γ_mean becomes 694 
smaller. That would demonstrate that hedging decreases the conflict relationship 695 
because the smaller value of µ1 means more hedging. However, conflict always remains 696 
at the highest reliabilities, where operations would normally be. It could concluded that 697 
the conflicting relationship between α and γ_mean is important and the conflicting region 698 
becomes smaller with more hedging. 699 
2.   Statistics analysis for the optimization quality 700 
In this paper, ten random-seed runs were used to solve the reservoir optimal 701 
operation problem due to the random nature. For each random-seed run ε-NSGAII is 702 
implemented for 500,000 model evaluations. The Pareto approximate set analyzed in 703 
this paper was generated across all ten random-seed optimization runs. For 704 
guaranteeing that the optimization converged, three statistics metrics (i.e., Hyper-705 
  
volume, Generational Distance, Additive Epsilon Indicator) of the ten optimization 706 
process are calculated. From the statistical metrics, it can be concluded that all the 707 
optimizations have converged. The result is shown as below.  708 
 709 
 710 
  
 711 
Fig. S2 Statistics values of the ten optimization processes：(a) Hyper-volume,  712 
(b) Generational Distance, (c) Additive Epsilon Indicator 713 
  
3.   Correlation coefficients among five objectives 714 
For illustrating the relationship furthermore, the overlaps (or called dependence) 715 
among different objectives are calculated in terms of the correlation coefficient between 716 
the 2497 solutions obtained from 10 optimization runs. There are totally 5 objectives, 717 
and hence, there are 10 groups of double-objective need to be calculated. The 718 
correlation coefficients is calculated as: 719 
{ }
{ } { }( )
1 2
1 2
cov ,
var var
Obj Obj
Obj Obj
ρ =
×
                       (1) 720 
The higher the value of the correlation coefficient, the more the two considered 721 
objectives overlap. The result is shown in Table S1. Expect the pair of reliability α and 722 
mean vulnerability ν_mean, all the other correlation coefficients are less than 0.5, which 723 
demonstrate that these pairs have no obvious correlations. Some pairs of objectives are 724 
uncorrelated, such as γ_mean and ν_max. Some other pairs of objectives have weak 725 
correlation coefficients because they contain both conflict and synergy, such as α and 726 
γ_mean. However, α andν_mean are highly correlated because they strongly conflict, and 727 
it is important to include both to reveal the tradeoff between them. The weak correlation 728 
across all of the other combinations suggests that they don't provide duplicate 729 
information and should all be included.  730 
 731 
 732 
 733 
 734 
  
Table S1. Correlation coefficients between five objectives 735 
 α ν_mean ν_max γ_mean γ_max 
α 1 0.924 0.462 0.346 0.284 
ν_mean - 1 0.461 0.482 0.252 
ν_max - - 1 -0.058 -0.286 
γ_mean - - - 1 0.111 
γ_max - - - - 1 
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